Abstract: We present a long-range optical frequency domain reflectometry (OFDR) based distributed vibration optical fiber sensor (DVOFS) by multicharacteristics of Rayleigh scattering. Comparing with utilizing a single characteristic of Rayleigh scattering, by using multicharacteristics of Rayleigh scattering, two or more simultaneous vibration events in a long sensing range can be detected and located in DVOFS. In a single-ended OFDR-based DVOFS without any optical amplification, we can discriminate two simultaneous vibration events by two different characteristics. One is the local Rayleigh scattering spectra shifts for locating the first vibration event. The other is the "V" shape in Rayleigh scattering signals in the spatial domain for locating the second vibration event. The sensing range of this DVOFS is 92 km and the spatial resolution of locating vibration events is 13 m.
Introduction
Distributed vibration optical fiber sensor (DVOFS) can detect, discriminate, and locate multiple vibration events along the several-kilometer-long fiber under test (FUT). It has attracted a lot of interests for different applications in the intrusion detection such as oil/gas pipeline monitoring, communication, and electric cable monitoring [1] - [4] . Many efforts have been made to accomplish DVOFS based on phase-sensitive optical time domain reflectometry (OTDR) [5] - [13] and optical frequency domain reflectometry (OFDR) [14] - [18] .
As for phase-sensitive OTDR based DVOFS, Dakin et al. present a model of phase-sensitive OTDR for vibration sensing [8] . Juarez et al. present a distributed fiber-optic intrusion sensor system based on a phase-sensitive OTDR with a sensing range (SR) of 10 km. In this system, the intrusion events can be located by the position of the changes in the backscattering power trace [1] . Zhu et al. preasent a DVOFS merged Mach-Zehnder interferometer and phase sensitive OTDR system with ∼3 MHz frequency response and 5 m spatial resolution [9] . Tu et al. present a phase sensitive OTDR for vibration sensing by analyzing the differential phase in the interrogated fiber separation, where the SR is about 25 km and the sensing spatial resolution (SSR) is about 10 m [10] . Garcia-Ruiz et al. use a new phase-sensitive OTDR with a linearly chirped pulse to intensity-based detect the frequency shift caused by a strain. This system can track nano-strain perturbations along 10 km, measuring vibrations up to kHz and, with a 10 m SSR [11] .
The SR of these phase-sensitive OTDRs above [5] - [11] is not very long. From the principle of phase-sensitive OTDR, the trade-off among signal-to-noise-ratio (SNR), SSR and SR always exists in phase-sensitive OTDR. For example, if we want to improve the SSR by decreasing the width of the probe pulses, the SR and SNR will be deteriorated. In addition, a long SR will limit the repetition rate of the probe pules and the multiple average operations are not suitable for the detection for vibration events with high frequency components. The solution for improving the sensing performance in a long-range phase-sensitive OTDR is to add an optical amplification device. However, the SR of phase-sensitive OTDR with a single-ended amplification device (e.g., EDFA) is limited by the peak power of probe pulses in order to suppress undesired nonlinear effects in the fiber, like modulation instability [12] . To solve this issue, Wang et al, who present a phase sensitive OTDR with a hybrid distributed amplification to achieve the detection of three simultaneous vibrations with a SR of 175 km and SSR of 25 m [13] . However, the architecture of this amplification device is double-ended (the devices are installed at the both ends of FUT), which is not very suitable for line structures monitoring such as pipelines, communication and electric cables. In addition, the double-ended architecture cannot extend the sensing range by adding the same device at the other end, whereas the single-ended architecture can easily extend the SR twice by this means.
OFDR techniques can facilitate SNR increasing without sacrificing SSR or resorting to long averaging periods. As for OFDR based DVOFS, Arbel et al. present a dynamic OFDR to detect two simultaneous vibrations in a SR of 10 km with a SSR of 40 m [16] . Wang et al. present a time-gated digital OFDR based DVOFS with a SR of 40 km [17] . Although the value of the SSR is shown as 3.5 m in the paper by Wang et al, there is only the SSR of a reflection but the SSR of locating the vibration events is not shown in [17] . The core idea of the dynamic OFDR [16] and time-gated digital OFDR [17] is to use a linearly chirped pulse as a probe pulse, which can be consider as a combine of OTDR and OFDR. As the tuning time of the tunable laser source (TLS) is about tens of microsecond, the overall performance of the SR and the SSR in [17] can be better than these single-ended phase-sensitive OTDRs [10] , [11] . If we want to extend the SR of OFDR based DVOFS continuously, one potential way is to increase the tuning time of the TLS.
For a given fiber, Rayleigh scattering as a function of distance is a random but static property of the fiber and can act as a fiber "fingerprint" [19] , namely Rayleigh scattering characteristic information. The vibrations on an optical fiber path generate a change in the "fingerprint" of FUT, which can be used to obtain information on any vibration events along the fiber path. In our previous works called the cross-correlation similarity analysis (CCSA) method [14] , we achieved an OFDR based DVOFS by analyzing the similarity of local Rayleigh scattering in the spatial domain as characteristic information using a cross-correlation between the two separated measurements. This system can detect two simultaneous vibration events in a 12 km SR. We then used the deskew filter method [20] , [21] to compensate the nonlinear phase of a (TLS) after the data acquisition and used Rayleigh scattering in the optical frequency domain, namely Rayleigh scattering spectra, to represent characteristic information. It enables us to achieve a 40 km OFDR based DVOFS with a SSR of 11.6 m [15] .
The common method for vibration sensing is to use a differential phase (DP) method [10] , [13] , [16] , [17] . This method is only suitable for phase-sensitive OTDR and OFDR with a short tuning range. In the systems using the DP method, the short the width of the probe pulse or tuning time could mitigate the phase noise from the laser source and the phase variation due to environmental disturbance. Whereas, in the OFDR systems with a long tuning time (about several tens or hundreds milliseconds) such as the CCSA method [14] , [15] , the phase of these OFDR traces will not be very stable. The tuning range is about several GHz in the CCSA method based OFDR system, but it is about several tens MHz in DP based OFDR system [16] , [17] .The spatial resolution of single data point (as called PSR) in OFDR trace is several centimeters in the CCSA method based system, but it is about several meters in the DP method based OFDR systems. To achieve a well SSR, the DP method utilizes a phase change of single data point to sense the vibration events. However, the phase of single data point could suffer easily from more accumulative environmental stochastic vibration, sound, laser phase noise and so on when it comes to a longer SR. The CCSA method utilizes several hundred points to represent the characteristic information of a local Rayleigh scattering, which has a better noise-resistibility than utilizing single data point. Although the CCSA method sacrifices the SSR comparing with using one data point, its SSR is still acceptable due to its PSR is very short. As the CCSA method based OFDR has a long tuning time, it has a great potential for a long SR without any optical amplification.
In this paper, we present a long-range OFDR based DVOFS by multi-characteristics of Rayleigh scattering. In the previous CCSA method [14] , [15] , we could not achieve a long-range vibration sensing using single Rayleigh scattering characteristic. Here we utilize the multi-characteristics of Rayleigh scattering to discriminate and locate multiple simultaneous vibration events, which called M-CCSA method. In this presented M-CCSA method based on a single-ended OFDR system without any optical amplification, we can discriminate two simultaneous vibration events in 92 km. The SSR of locating vibration events is about 13 m. The first vibration event is detected and located by utilizing the characteristic of optical frequency shifts in local Rayleigh scattering spectra. The second vibration event can be located by a "V" shape characteristic in the spatial domain of Rayleigh scattering.
Experimental Setup
The experimental setup of an OFDR based DVOFS is shown in Fig. 1 . TLS's optical frequency tuning speed is 40 GHz/s, tuning range is 3 GHz, linewidth is ∼1 kHz at a center wavelength of 1550 nm and optical power is about 10 mW. The main interferometer is a modified fiber-based Mach-Zehnder interferometer. A polarization diversity detection that contains two polarization beam splitters and two balanced photodetectors is employed to reduce the polarization fading effects in our main interferometer. The sampling rate of data acquisition card (DAQ) is 100 MS/s. An auxiliary Michelson interferometer is used to obtain the nonlinear phase of the TLS, where two Faraday rotating mirrors (FRMs) are implemented to reduce any polarization fading effects [22] . The length of the reference delay fiber in the auxiliary interferometer is 10 km. The FUT is a 92 km standard single mode fiber. Two Piezoelectric transducer (PZT) fiber stretchers with a 12 m wounded fiber are added to the FUT at the positions of 90 km and 91.23 km, respectively, to serve as two independent vibration events. The response of the PZT fiber stretch provides 0.14 μm/Volts. The length of the wounded fiber on a PZT is about 12 m. The driven voltage of the PZT is 3 Volts, so the strain caused by the PZT is about 35 nε. The applied waveform of the PZT is triangular that contains many frequency components and is similar to the actual vibration event. The PZT excitation frequency is 3 kHz.
Experimental Results and Discussion

Vibration Sensing Based on the CCSA Method
In this experiment, for multiple vibration events, we set two PZTs at the positions of 90 km and 91.23 km, respectively, to serve as two independent vibration events. We firstly verify whether or not the previous CCSA method using a single Rayleigh scattering characteristic [15] could detect two simultaneous vibration events in a ∼92 km SR with a ∼13 m SSR for locating the vibration events. Here we provide a brief introduction to the previous CCSA method as follows: 1) the OFDR system runs two measurements to acquire two sets of the optical frequency domain signals: one is without any vibration on the FUT and the other one is with vibration.
2) The deskew filter algorithm [20] , [21] is applied to compensate the nonlinear phase of OFDR signals.
3) The two optical frequency domain signals detected by the OFDR are converted to the spatial domain signals by a Fast Fourier Transform (FFT). 4) The sliding window is used to separate the total fiber to local segments. The width of the sliding window X is the SSR of locating vibration events, which can be expressed as:
where
N is the number of data points in a segment and Z is PSR, n is the refractive index of the fiber, c is the light speed in vacuum and F is the entire optical frequency tuning range of TLS. In our system, F is 3 GHz and N = 400, thus Z is about 3.3 cm based on (2) and X = 13.2 m. 5). For each segment X, the data are converted to the optical frequency domain by an inverse FFT, namely local Rayleigh scattering spectra. 6) The cross-correlation is used to analyze the "similarity" of two local Rayleigh scattering spectra. When there is no vibration event, the local Rayleigh scattering spectra from the two separate measurements are identical or very similar and the cross-correlation signals mainly have one cross-correlation peak at the center. In contrast, when a vibration event occurs, the two local Rayleigh scattering signals become different and the "similarity" is lower. The cross-correlation signals are chaotic, the main cross-correlation peak is low and contains many other cross-correlation peaks spreading along the main one. We define a "non-similarity level" to quantitatively evaluate the "similarity" from the cross-correlation analysis, which is the number of data points beyond the threshold in the cross-correlation signals. The threshold is defined as a ratio to the highest cross-correlation peak. The choice of the threshold needs to balance the vibration sensing sensitivity and the potential false alarm in detecting the vibrations. In this experiment, the threshold is set to be half of the cross-correlation peak shown in Fig. 2(b)-(d) . We apply a crosscorrelation to analyze the local Rayleigh scattering spectra for each segment to obtain distributed "non-similarity levels" along the FUT in Fig. 2(a) . In previous work (e.g., a short SR) [15] , the position of the striking change of the distributed "non-similarity level" is where the vibration event locates. From the experimental results for about 90 km SR, we find that the cross-correlation outcomes are only one peak in the non-vibration area at a short SR (<5 km) shown in Fig. 2(b) . However, along with the SR increasing, the cross-correlation outcomes are chaotic and the "non-similarity level" is very high, even if the segments are located in the non-vibration shown in Fig. 2(c) . The distributed "non-similarity levels" along the FUT are still chaotic shown in Fig. 2(a) , so it is difficult to locate the vibration events by striking changes of "non-similarity levels". The previous CCSA method is no longer valid for a long SR.
Vibration Sensing Utilizing the Optical Frequency Shift of Rayleigh Scattering Spectra
For the cross-correlation results in the non-vibration area shown in Fig. 2(c) , we find that the crosscorrelation peak defined as the highest peak in the cross-correlation doesn't shift, which means the optical frequency shift is zero, although the "non-similarity level" is high. For the cross-correlation results in the vibration area at 89.97 km shown in Fig. 2(d) , we find that the cross-correlation peak shift. This phenomenon indicates that the optical frequency shift as a Rayleigh scattering characteristic can be used to locate a vibration event in a long SR. In addition, the optical frequency shifts of local Rayleigh scattering spectra have been used to achieve a distributed strain sensing [23] . The vibration on FUT can be considered as a dynamic strain on FUT, so the principle of the vibration sensing by utilizing optical frequency shifts of local Rayleigh scattering spectra is feasible.
In this experiment, the data processing is similar to the CCSA method [15] in Section 3.1. The CCSA method focuses on the amplitude in the cross-correlation analysis, namely "non-similarity level", whereas the presented M-CCSA focuses on the cross-correlation peak shift of two local Rayleigh scattering spectra. The cross-correlation peak shift reflects the optical frequency shift of two local Rayleigh scattering spectra. If there is no vibration event, the cross-correlation peak remains the same. On the contrary, when a vibration event occurs, the cross-correlation peak will shift. We use this new method to process the same data of Section 3.1 and the segment size N is set as 400 which corresponds to the SSR of 13 m.
The distributed optical frequency shifts as a function of fiber length are shown in Fig. 3 . From the experimental results, the first vibration event can be located by a striking change in optical frequency shifts of Rayleigh scattering spectra. The striking change of optical frequency shifts only occurs at the location of the first vibration event, which is much clearer than the distributed "non-similarity level" shown in Fig. 2(b) . Even though there are probably some "isolated points" of optical frequency shifts caused by the stochastic noise, they can be easily discerned and removed as the "false" vibration events shown in Fig. 3 . The "real" vibration events will cause the optical frequency shifts of all the data points behind the location of the first vibration event. Therefore, the location of the "real" vibration event can be indicated by the first shift point's position that is at 89.97 km in our case shown in Fig. 3 . The repeated experimental results of locating the first vibration event are shown in Fig. 4 . Four data sets indicate the same location of the first vibration event at 89.97 km, which demonstrates the stability and reliability of this proposed method. However, the second vibration event cannot be located by utilizing the characteristic of optical frequency shifts, since the first vibration event will cause optical frequency shifts of all data behind its location as shown in Fig. 3 , which will submerge optical frequency shifts caused by the second vibration event. Therefore, we need to find another characteristic of Rayleigh scattering to detect and locate the second vibration event.
Vibration Sensing Utilizing a "V" Shape Rayleigh Scattering Characteristic in the Spatial Domain
To detect and locate the second vibration event, we will focus on the Rayleigh scattering characteristic in the spatial domain. We have derived the expression of OFDR interference signals with one vibration event in [14] . We will provide a brief introduction here. Based on the principle of OFDR, the "time domain" is equal to the "optical frequency domain" in OFDR, because the optical frequency (or wavelength) is a linear variety with the time. The "frequency domain" is equal to the "spatial domain" in OFDR, because the sensing distance Z is proportional to the beat frequency f b . To express the phase modulation due to a vibration event clearly, we give the mathematical explanation of interference signals in the "time domain". We assume that one vibration event can generate a phase change along the FUT which can be written as δ 1 sin(2πf m t), where f m is the vibration frequency and δ 1 is the phase modulation amplitude. And R (τ) is the reflection or Rayleigh scattering reflectivity at the round-trip time delay τ. E 0 is the initial optical field. The beat frequency is expressed as:f b = γτ that is corresponding to the different locations in the spatial domain by FFT. γ is the tuning speed of TLS and ϕ c is a constant phase. The phase modulation amplitude is small (e.g., δ 1 < 1) and the first order term of Bessel function is much greater than the higher order terms, so we only retain the first order term. The AC coupled OFDR interference signals with one vibration event can be expressed as:
The AC coupled OFDR interference signals without any vibration events can be expressed as:
Comparing (3) with (4), we can easily see that the beat signal with the vibration has two additional frequency components f b − f m and f b + f m .The measured time domain signals as shown in (3) and (4) can be converted into the desired spatial domain (frequency domain) through a FFT. Some parts of the Rayleigh scattering's energy at the delay of τ will spread to the two sides with the delays of τ − f m /γ and τ + f m /γ. So the vibration event will generate a "V" shape pit in the Rayleigh scattering signals of the spatial domain.
When two simultaneous vibration events occur on FUT, the interference signals at the location of the second vibration event will be influenced by these two vibration events due to the light passing through these two vibration events. We assume that f k is the vibration frequency and δ 2 is the phase modulation amplitude of the second vibration event, so the AC coupled OFDR interference signals with two vibration events can be expressed as:
From (5), more frequency components are generated, so more energy of Rayleigh scattering will spread to the side lobes in the spatial domain. The "V" shape characteristic in the spatial domain will be more obvious than with only one vibration event due to the superimposed effect of the two vibration events.
In this experiment, we compare the two Rayleigh scatterings in the spatial domain of the vibration state and non-vibration state shown in Fig. 5(a)-(c) . The "V" shape characteristic cannot be discerned from the raw spatial domain signals due to the heavy noise. To reduce the noise, the moving average is used to process the raw spatial domain signals shown in Fig. 5(d) . Herein we set the step size N to be 400 as the same as the spatial resolution of locating the first vibration event. As N = 400, the SSR X is 13 m for each point in the spatial domain after moving average analysis. From the trace in Fig. 5(d) , the "V" shape at the location of the first vibration event (about 90 km) is not very clear, which is easily impacted by the stochastic noise. Whereas, the "V" shape induced by the second vibration event is very clear due to the superimposed effect of the two vibration events, so we only use a "V" shape characteristic to detect and locate the second vibration event. In detail, comparing with the signals without any vibrations, the amplitude of the signals with vibrations will decrease and then increase clearly (about 3-4 dB) in a wide range (about 8-10 data points), which appears a "V" shape. The location of the second event is at the lowest point of the "V" shape. The fluctuation of Rayleigh scattering signals also cause some small "V" shape, but their ranges are just 3-4 data points and the fluctuation amplitude is usually very small (<1 dB). Therefore, these false small "V" shapes can be easily filtered out. As the X for each point is 13 m and the setup size N = 400, the SSR of locating the second vibration is 13 m. In Fig. 5(d) , the location of the second vibration event is at 91.23 km. Repeated experimental results of locating the second vibration event are shown in Fig. 6 . All the four data points present the same location of the second vibration event at 91.23 km, which could verify that this method is stable and reliable.
Due to the equipment limitation in our laboratory, we are unable to do the experiments with more than two vibration events. Based on the principle above, for more than two vibration events, (5) will have more frequency components, so more energy of Rayleigh scattering will spread to the side lobes in the spatial domain and the "V" shape characteristic will be increasingly obvious due to the superimposed effect of more vibration events in the near side. From the above, this method will be effective for detecting and locating more than two vibration events.
The vibration event "develops" side lobes with respect to the bandwidth of the vibration events based on (3) and (5), which could influence the locations (resolution cells) adjacent to the vibration events at the center Z. Assuming that f is the total bandwidth of the vibration events (e.g., one vibration f = f m , two vibrations f = f m + f k and more than two f = f m + f k + . . .), the range of influence Z f can be expressed as (two sides):
For example, when one vibration occurs and f = f m = 3 kHz, Z f = 15 m. When two vibrations occur and f = f m = f k = 3 kHz, Z f = 30 m. If the more vibrations occurs, the f is bigger and Z f is bigger.
An actual vibration event will contain many frequency components. In principle, more frequency components will generate more side lobes in the spatial domain. When a vibration event occurs, the energy of Rayleigh scattering will spread to these side lobes. In our experiments, the applied waveform of the PZT is a triangular that contains many frequency components and is very similar to an actual vibration event, which indicates that the proposed method will be effective for actual vibration events.
Vibration Sensing Utilizing M-CCSA Method
Based on Section 3.1, 3.2 and 3.3, the CCSA method with single Rayleigh scattering characteristic cannot achieve locating two simultaneous vibration events in a long SR. We utilize the optical frequency shifts of Rayleigh scattering to detect and locate the first vibration event, and utilize a "V" shape Rayleigh scattering characteristic in the spatial domain to locate the second vibration event. We called this method M-CCSA. The signal processing procedure for M-CCSA is summarized in Fig. 7: 1) The two optical frequency signals detected by the OFDR of the vibration state and nonvibration state are firstly processed by deskew filter and then converted into the spatial information by the FFT. 2) The sliding window is applied to separate the total fiber into local segments. 3) Each segment is converted into the optical frequency domain by an inverse FFT, namely local Rayleigh scattering spectra. 4) We apply a cross-correlation to analyze the local Rayleigh scattering spectra for each segment to obtain distributed optical frequency shifts along the FUT. The first vibration event can be located by a striking change of the optical frequency shifts. 5) The raw spatial domain signals are moving averaged to obtain a smooth trace. 6) We search for the "V" shape characteristic after the location of the first vibration event and the second vibration event can be located by the lowest point in the "V" shape.
Conclusion
We present a long-range OFDR based DVOFS to discriminate and locate multiple simultaneous vibration events using multi-characteristics of Rayleigh scattering. In this single-ended OFDR system without any optical amplification, we can detect two simultaneous vibration events in the sensing range of ∼92 km with the spatial resolution of locating vibration events of ∼13 m. The first vibration event is detected and located by a characteristic of the optical frequency shift in local Rayleigh scattering spectra. And the second vibration event can be detected and located by a "V" shape characteristic in the spatial domain of Rayleigh scattering.
A long-range DVOFS suffers from more accumulative environmental stochastic vibration and laser phase noise than the short-range one. The presented method utilizes the segment that contains several hundred data points instead of a single data point to represent a Rayleigh scattering characteristic, which improves the noise-resistibility in this system. For the choice of Rayleigh scattering characteristics, we utilize multi-characteristics of Rayleigh scattering for DVOFS, which make a longer sensing range than only using a single Rayleigh scattering characteristic. We expect OFDR based DVOFS will have a better performance if more Rayleigh scattering characteristics are explored. In addition, the presented M-CCSA method cannot provide the frequency information of the vibration events now, but the signals still contain the characteristics of vibration events that can be extracted for pattern recognition of vibration events in the future.
